A key function of the sense of smell is to guide organisms towards rewards and away from dangers. However, because relatively few volatile chemicals in the environment carry intrinsic biological value, the meaning of an odor often needs to be acquired through learning and experience. The tremendous perceptual and neural plasticity of the olfactory system provides a design that is ideal for the establishment of links between odor cues and behaviorally relevant events, promoting appropriate adaptive responses to foods, friends, foes, and mates. This article describes recent human neuroimaging data showing the dynamic effects of olfactory perceptual learning and aversive conditioning on the behavioral discrimination of odor objects, with parallel plasticity and reorganization in the posterior piriform and orbitofrontal cortices. The findings presented here highlight the important role of experience in shaping odor object perception and in ensuring the human sense of smell achieves its full perceptual potential.
Introduction
During a lecture experiment in 1899, chemistry professor Edwin Emery Slosson poured a bottle of distilled water over some cotton wrapping material and informed his students that a "strong and peculiar" but "not too disagreeable" odor would diffuse in a mannerly order from the front to the back of the hall. Using a stopwatch, he found that within 15 s, many students in the front row raised their hands in sudden recognition of a smell, and within 40 s, a show of hands indicated that this travelling wave of odor had reached the furthest row of seats. 1 The experiment had to be terminated prematurely after 1 min, because of increasing somatic and visceral complaints from the front-row audience.
Even in the years preceding this in-class demonstration, it was appreciated that odors (or the "idea" of odors) could particularly exert effects on susceptible individuals. Dr. Mackenzie described the case of a 32-year-old woman with a "nervous temperament" for whom the mere sight of an artificial rose induced a fullblown hay fever attack involving tearing and itching of the eyes, sneezing, and wheezing, not unlike that aroused by the actual odor of roses. 2 Professor Jules Bernard Luys, a respected neurologist whose notable achievements included discovery of the subthalamic nucleus, wrote extensively about his patient Esther, a highly suggestible 20-year-old dancer and singer. 3 When the hypnotized Esther was exposed (at a distance) to valerian root, an herbal plant with sweetly pungent flowers, she dropped to her hands and knees and began scratching the ground (Fig. 1) , simulating the behavior of a cat under the spell of this herb, a well-recognized "catnip" or cat attractant.
These 19th century examples may be lacking in the ways of scientific rigor, but are included here to illustrate the cognitive ("top-down") pliability of human olfactory perception, which is the main theme of this brief article. To what extent can cognitive factors alter how an odor is perceived, or whether it is even perceived at all?
Contemporary examples from the human olfactory psychophysical literature convincingly show that learning and experience can modulate the human sense of smell. Mere odor exposure is sufficient to enhance olfactory sensitivity for smells that cannot be initially perceived. For example, subjects with specific anosmia for androstenone were able to detect this compound after 6 weeks of daily exposure, 4 and similar effects have been described in women systematically exposed to nonsteroidal odorants, such as benzaldehyde. 5 Interestingly, threshold gains in androstenone sensitivity at one nostril can be achieved with prior exposure restricted to the opposite nostril, 6 suggesting that a central mechanism mediates these changes.
The environmental context surrounding an odor also shapes its perception. In one study, 7 presentation of a smell was paired with either a positive or negative verbal label on separate trials, for example, violet-leaf odor accompanied by the word "fresh cucumber" or "mildew." Not surprisingly, subjects rated the same stimulus more or less pleasant depending on the verbal context. More recent behavioral studies incorporating electrophysiological 8 and autonomic 9 recordings further support these findings, and a neuroimaging experiment identified areas of the orbitofrontal cortex (OFC) and anterior cingulate cortex that were activated during the verbal modulation of odor hedonics. 10 Color cues play an important contextual role in both perceived odor intensity 11, 12 and perceived odor quality, the latter exemplified by the "counterfeit" red wine study in which a white wine was colored with odorless red dye. 13 The above examples suggest that nonolfactory sensory and semantic cues modulate the final perceptual outcome of an odor event. It is equally clear that cognitive factors related to learning and experience help guide the acuity of human olfactory perception. For instance, subjects can distinguish the individual components of a binary odor mixture more readily if at least one of the two substances is familiarreflecting the influence of prior experience on odor discrimination performance. [14] [15] [16] Psychological research also indicates that emotional associative learning selectively alters the affective properties of an odor. In a series of experiments, Herz and her colleagues found that evaluative conditioning 17 between an odor (the conditioned stimulus) and an experimentally induced positive or negative mood state (such as that evoked by an entertaining or frustrating computer game) modulates the hedonic acceptability of that odor, whereby an unpleasant scent becomes more pleasant, and a pleasant scent becomes more unpleasant. 18 This systematic transfer of affect from an emotional experience to a neutral odor stimulus has been shown to influence motivation and cognitive performance in both adults and children. 19, 20 The remainder of this article will consider some of our own recent experiments investigating experience-induced changes in odor object perception in the human brain, with a focus on perceptual learning and aversive (Pavlovian) conditioning.
Olfactory Perceptual Learning
Perceptual learning refers to an increase in sensory acuity as a consequence of training and experience. 21, 22 To explore which brain areas help mediate experience-induced behavioral changes in odor perception, Dr. Wen Li and colleagues in our laboratory 23 combined functional magnetic resonance imaging (fMRI) techniques with an olfactory habituation paradigm [24] [25] [26] to test whether prolonged olfactory exposure (as a simple form of perceptual learning) would modify neural representations of odor quality in areas previously implicated in coding of this perceptual feature, including piriform cortex 27, 28 and OFC. 27, [29] [30] [31] [32] Subjects smelled four odorants that systematically varied in perceptual quality (floral, minty) and molecular functional group (ketone, alcohol), enabling us to characterize the effects of odor experience on perceptual differentiation between stimuli sharing critical qualitative or molecular attributes. 23 We found that as a result of 3.5-min exposure to one of the four odorants, subjects were better able to differentiate between odorants sharing common perceptual and physical attributes. Thus, subjects exposed to a minty ketone became mint "experts," such that they were better able to tell apart different minty smells, and they simultaneously became ketone experts. The experience-induced changes in odor perception were sustained for at least 24 h with a single 3.5-min exposure period. Examination of the imaging data revealed that the odor-evoked fMRI activity in both posterior piriform cortex and OFC was increased from pre-to postexposure. Notably, on a subject-by-subject basis, the magnitude of learning-induced change in OFC tightly correlated with individual behavioral changes in odor quality differentiation, implying that this brain region is a critical locus for guiding experience-dependent behavioral improvements in odor expertise. The role of OFC in helping to orchestrate olfactory perceptual learning may reflect its highly integrative anatomical organization, involving dense and reciprocal connectivity with limbic emotional brain networks.
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Olfactory Aversive Conditioning
Paradigms of associative learning have been previously shown to influence cue-related tuning profiles in sensory-specific cortex. In the auditory domain, instrumental conditioning between a tone of a specific frequency and a bar press for water reward results in a shift in the tonotopic organization of auditory cortex, with responses centered at the conditioned frequency. 34 In the olfactory domain, olfactory conditioning has been shown to enhance 2-deoxyglucose uptake specifically for the conditioned odor in rodent olfactory bulb 35, 36 and anterior olfactory nucleus, 37 and both aversive and appetitive odor conditioning can induce spatially distributed changes of electrical activity in rabbit olfactory bulb. [38] [39] [40] Linster and colleagues have shown that conditioning between one of two perceptually identical odor enantiomers (mirror-image or "chiral" molecules) and liquid food reward improves rodents' ability to discriminate between the two odorants. 41 To explore the impact of associative olfactory learning on perceptual and neural discrimination of predictive odor cues, 42 we combined high-resolution fMRI with multivariate ("pattern-based") statistical analyses 43, 44 and olfactory psychophysical measurements. Olfactory multivariate fMRI techniques are designed to preserve spatial information at the level of individual voxels (Fig. 2) , even when there may be no significant differences in mean activation across a particular region of interest. With these approaches it is now possible to address a new set of research questions not previously testable, centering around the idea that ensemble fMRI activity patterns in the human brain may represent a viable signature (or code) of sensory perception that can be used to decode an individual's perceptual experience.
Importantly, the use of perceptually identical odor enantiomers enabled us to determine whether humans can acquire the ability to distinguish between odorous stimuli that initially smell the same. To this end we utilized two pairs of odor enantiomers that were perceptually identical: (+)-rose oxide and (−)-rose oxide, both sharing a "green" smell; and (R)-2-butanol and (S)-2-butanol, both sharing an "oily-vinous" smell. In an olfactory fMRI paradigm of aversive (Pavlovian) conditioning, one of these four odorants (the target conditioned stimulus, or "tgCS+") was repeatedly paired with an electric shock to the foot (the unconditioned stimulus), individually titrated to be uncomfortable but still tolerable. The chiral counterpart ("chCS+") was never paired with shock, nor was the control pair of enantiomers ("CS−" and "chCS−"). Behavioral and fMRI data were also collected in pre-and postconditioning sessions, during which time subjects were presented with each of the four odorants, in the absence of reinforcement.
The perceptual effect of aversive learning on odor discrimination was assessed using a forced-choice triangular test (Fig. 3A) . Prior to conditioning, subjects were at chance (33%) in discriminating between the two CS+ odorants and between the two CS− odorants. However, after conditioning to the tgCS+, there was a statistically significant improvement (P = 0.01) in discrimination accuracy between tgCS+ and chCS+, in the absence of any change between CS− and chCS−. These findings indicate that aversive learning can enhance perceptual discriminability between initially indistinguishable odors, and that these effects are specific for the CS+. In parallel to these effects, we found that the odor-evoked spatial ensemble patterns of fMRI activity in posterior piriform cortex selectively diverged for the CS+ pair (Fig. 3B and C) , as indexed by a decline in the spatial linear correlation between these two stimuli. 42 In other words, prior to conditioning, the piriform spatial patterns evoked by tgCS+ and chCS+ highly overlapped, but after conditioning, these patterns became more distinct, reflecting the enhanced perceptual discrimination between these two stimuli. No such pattern changes were observed for the CS− enantiomers. Taken together, these results indicate that aversive learning induces piriform plasticity with corresponding gains in odor enantiomer discrimination, underscoring the capacity of fear conditioning to update perceptual representation of predictive cues. Such mechanisms would be critical for animals learning how to optimize detection of potentially threatening information, while minimizing responses to related but nonsalient distractors in the environment. That completely indiscriminable sensations can be transformed into discriminable percepts further highlights the great potential acuity of the human olfactory system under adaptive conditions.
Olfactory Sensory Deprivation
The preceding studies have demonstrated how learning and experience can enhance odor discrimination at the perceptual and neural levels. In new preliminary work, we are beginning to investigate the inverse question: what effect does the lack of experience have on olfactory processing and plasticity in the human brain? In animal models, odor deprivation, by way of naris occlusion, elicits changes throughout the olfactory system, [45] [46] [47] [48] suggesting that ongoing sensory input is necessary to maintain olfactory sensory specificity. However, there are presently no studies examining these effects in humans.
To date we have completed data analysis from one female subject who was admitted to the hospital for 7 days of binaral odor deprivation. She was admitted to the General Clinical Research Center at Northwestern Memorial Hospital, where she underwent 7 consecutive days of odor deprivation. Nostril occlusion was achieved using hypoallergenic surgical tape and 1 cm strips of nasal packing foam. Advantages of the inpatient hospital setting include the availability of a negative pressure room to prevent odor accumulation, and continual monitoring by the nursing staff in case of a breach in the nasal dressing. The subject was given scent-free hygiene products and provided with a low-flavor diet. The dressing was changed every 4 h while awake, but was removed at night to permit the subject to sleep with her nose completely unobstructed. Olfactory behavioral and fMRI data were collected just prior to deprivation, immediately after deprivation, and at recovery one week later.
Following deprivation, the subject showed modest improvements in both odor detection thresholds (from 11 to 12.25 on the Sniffin' Sticks Test 49 ) and identification scores (from 34 to 36 on the UPSIT 50 ), whereas her ability to assess odor quality similarity between perceptually related odorants became more variable and less consistent. In turn, multivariate (patternbased) fMRI analysis revealed that in posterior piriform cortex, odor deprivation increased the spatial correlation between qualitatively similar odorants, reflecting a loss of quality coding specificity within this region. These initial results will clearly require replication with a complete cohort of subjects, but are in keeping with the idea that sustained olfactory exposure is critical for maintaining perceptual and neural discriminability of odor objects.
Conclusion
The studies described here illustrate the important point that odor quality perception (i.e., the quality or character of a smell emitted from an odorous object) is a product not only of its underlying chemical composition ("bottomup" input), but also of personal, idiosyncratic experience ("top-down" modulation). The exact same odorant can take on different perceptual properties and elicit different cortical responses, depending on prior memories, current context, and future expectations. Our own data show that an invariant chemical input can evoke different brain responses in posterior piriform cortex and OFC, suggesting that neural representations of odor are not static, predetermined, or predictable, but are flexibly updated by experience. 51 Indeed, it is fair to say that the tremendous plasticity of the olfactory system is perhaps its most singular functional characteristic, making possible the dynamic and ubiquitous formation of links between odor cues and behaviorally relevant events, ensuring appropriate, adaptive responses to foods, friends, foes, and mates.
